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REST-FRAME R-BAND LIGHTCURVE OF A Z ~ 1.3 SUPERNOVA OBTAINED WITH KECK LASER 
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ABSTRACT 

We present Keck diffraction limited i/-band photometry of a z ~ 1.3 Type la supernova (SN) 
candidate, first identified in a Hubble Space Telescope (HST) search for SNe in massive high redshift 
galaxy clusters. The adaptive optics (AO) data were obtained with the Laser Guide Star facility during 
four observing runs from September to November 2005. In the analysis of data from the observing run 
nearest to maximum SN brightness, the SN was found to have a magnitude H — 23.9 ± 0.14 (Vega). 
We present the ff-band (approximately rest-frame R) light curve and provide a detailed analysis of the 
AO photometric uncertainties. By constraining the aperture correction with a nearby (4" separation) 
star we achieve 0.14 magnitude photometric precision, despite the spatially varying AO PSF. 
Subject headings: stars: supernovae: general - galaxies: high-rcdshift - instrumentation: adaptive 
optics - techniques: high angular resolution 



1. INTRODUCTION 

A remarkable outcome of the intermediate redshift 
(z ~ 0.5) Type la supernova (SN) sear c hes of the 1990's 
was indication ([Perlmutter et alJl!998t iGarnavich et al.l 
ll998HSchmidt et al.lll998[) and then the strong evidence 
(jRiess et al.lll998tlPerlmutter et aill999l) of a cosmologi- 
cal ac celeration (Lor a review, see iPerlmutter fc Schmidt! 
2003). In a decelerating universe, SNe should appear 
brighter in the past compared to their expected bright- 
ness in a universe with zero acceleration. What was 
discovered instead was that the SNe actually appeared 
fainter. In the current cosmological model, this ac- 
celeration is driven by a negative-pressure component, 
with density Q\, commonly known as dark energy. 
Analyses of larger data sets have confirmed this result 
(jTonrv et all 120031 : iKnop et alJ l2003t iRiess et al.ll2004h 
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and improved the constraints on cosmological parame- 
ters, indicating a dark-energy dominated universe with 
M ~ 0.3 and ft A ~ 0.7. 

The Nearby SN Factory (lAldering et alJ 12002). The 
Carnegie Supernova P roject (iHamuv et alJ 120061 . and 
the SDSS SN Survey (|Sako et al.ll2005h are engaged in 
ground-based surveys of SNe at low redshifts, where cal- 
ibration is most effective using the full visible spectrum 
of relatively bright SNe. Programs such as the SN Legacy 
Survey (SNLS) and ESSENCE have made significant 
progress in constraining cosmological parameters with 
SNe in the interm e diate redshift range 0.3 < z < 0.8 
(|Astier et alJ 120051 : IWood-Vasev et al.l l2007f ). For SN 
searches at the highest redshifts, z > 1, the high res- 
olution and low sky background required to obtain high 
signal-to-noise measurements are best achieved from a 
space-based telescope. However, the current set of high- 
z SNe is small (< 20 SNe at redshifts z > 1). Even with 
larger samples, the currently practical HST observations 
of z > 1 SNe are expected to be limited by the statistical 
and systematic uncertainty of extinction correction. 

Using new data from the Hubble Space Telescope 
(HST 12 ), the Supernova Cosmology Project 13 is col- 
laborating with members of the IRAC Shallow Cluster 
Survey, Red Cluster Survey 14 , the Palomar Distant 
Cluster Surv ey 15 , and the XMM-N ewton Distant Clus- 
ter Project (|Bohringer et al.l 120051 1 to establish a new 
approach to measurements of high redshift SNe. In a 219 
orbit program, the Advanced Camera for Surveys (ACS) 
was used to search for and observe SNe in recently 
discovered massive galaxy clusters (|Rosati et alJ 

12 Based on observations made with the NASA/ESA Hubble 
Space Telescope, obtained from the data archive at the Space Tele- 
scope Institute. STScI is operated by the association of Universities 
for Research in Astronomy, Inc. under the NASA contract NAS 
5-26555. The observations are associated with program 10496. 

13 http://supernova.lbl.gov/ 

14 www.rcs2.org 

15 http:/ /www-int. stsci.edu/~postman/hizclus/ftp. html 
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2005t IStanford et al.l 120061 : lEisenhardt et alj l2006ft in 
the redshift range 0.9 < z < 1.5. These massive clusters 
provide not only a rich environment of potential high 
redshift SN hosts, but also a well understood popula- 
tion of early type elliptical galaxies. Observations of 
early-type galaxies have shown the dispersion in colors 
due to dust to be very small in groups and clusters at 
low redshifts ( Hogg ct al. 2004) and redshifts z > 1 
(|Blakeslee et al.l I2003D . This low dispersion has been 
attributed to a very low dust content in cluster ellipti- 
cals. SNe discovered in cluster ellipticals are therefore 
expected to exhibit little or no dust extinction, signif- 
icantly reducing the largest statistical and systematic 
uncertainty in this redshift range. 

With the advent of laser guide star (LGS) adaptive 
optics (AO) on large ground based telescopes, there are 
now additional opportunities to study high redshift SNe 
at rest-frame optical wavelengths. AO generates high 
contrast imaging for point sources by forcing a significant 
percentage of the light blurred by the atmosphere into 
the diffraction-limited core of the telescope point-spread- 
function (PSF). For large telescopes, AO has the added 
benefit of high spatial resolution in the near-infrared, a 
factor of four improvement over NICMOS when using 
Keck AO. To compliment the HST effort and to test 
the viability of future ground based follow-up of distant 
SNe, we obtained Keck LGS AO images of one of the 
first SNe discovered in the HST program to search for 
SNe in massive clusters. 

In this paper we present AO photometry of a z ~ 1.3 
Type la SN candidate. Section 2 outlines the SN discov- 
ery method and follow-up AO data. Photometry, includ- 
ing detailed modeling of the AO PSF are presented in 
Section 3. The H band light curve from Keck LGS AO 
is shown in Section 4. In section 5 we discuss the po- 
tential for future AO studies of high redshift SNe. The 
cosmological implications of this SN will be presented in 
a future paper upon completion of the analysis of the 
entire survey. 

2. DATA 

The HST search for SNe in high redshift galaxy clus- 
ters was performed primarily using the F850LP filter on 
ACS. In addition to the search orbits, repeated HST 
imaging covering the full SNe light-curves was obtained 
in the ACS F775W and F850LP filters. Follow-up ob- 
servations in the NICMOS F110W filters were scheduled 
when high redshift SNe were discovered. 

The beginning of the SN search coincided with the 
Keck LGS AO observing runs of the Center for Adaptiv e 
Optics Treasury Survey (CATS. iMelbourne et aLll2005D . 
Because multiple high redshift SNe were discovered in 
the HST search, a target that was well suited for follow- 
up with adaptive optics could be selected. For good AO 
performance, the Keck system requires the use of tip-tilt 
guide stars brighter than R ~ 18 which are used to cor- 
rect the large scale tip-tilt of the wavefront. Based on 
the frequency of these stars across the sky we anticipate 
the ability to observe ~ 20% of high galactic latitude 
targets. As seen in an HST image of the field, Figure 
[TJ SN SCP05D6, nicknamed Maggie, was only 25" from 
a ~ 14th magnitude tip-tilt guide star, well within the 



isokinetic patch of 60" radius (Wizinowi ch et all [20061. 
allowing for excellent AO correction. In addition, this 
SN was only 4" from a ~ 19th (.R-band) magnitude 
star, ideal for constraining the complicated, time- varying 
AO point-spread- function (PSF). Based on the density 
of these fainter stars in t he Great Obseryatorie s Ori- 
gins Deep Survey (GOODS. iGiavalisco et aTll2004D . high 
galactic latitude targets should only have about a 2% 
chance of being that close (4") to a similarly bright star. 

Optical spectra of the SN and its host taken 
with FOCAS optical low-resolution spectrograph 
(jKashikawa et all l2002h attached to 8.2-m Subaru 



telescope (|Ive et al.l l2004| ) show that the redshift of 
the SN host is about 1.3. The host is an elliptical 
galaxy populated with an old stellar population and no 
indication of recent star formation. The host properties 
indicate that it is highly unlikely that SCP05D6 is a 
core-collapse event and we conclude that it is a SN la. 

2.1. Follow-up Adaptive Optics Imaging 

Follow-up observations of Maggie were obtained at the 
W.M. Keck Observatory on four separate nights from 
September to November 2005. The SN was observed 
with Keck II using the NIRC2 instrument (K. Matthews 
et al. 2006, in preparation) in LGS mode. The laser was 
aligned with the galaxy. An R = 14.1 star, 25" to the 
south, was used for tip-tilt correction. Observations were 
made in the ii-band (1.6/im) with the narrow-field cam- 
era, with a pixel scale of 0.01"/pixel. Table [1] details the 
dates, exposure times, and observing conditions of each 
run. The first three runs were under good seeing condi- 
tions (< 0.5" in K), allowing good AO performance with 
a typical frame rate of 500 Hz . During the final run, 
the seeing was more variable (~ 0.5 — 1" in K), how- 
ever, we were still able to run the AO system at 500 Hz. 
The October run suffered from intermittent cirrus cloud 
cover. 

Individual exposures were 60s, taken with a five posi- 
tion dither pattern (1.5" radius) and two exposures at 
each position. After each set of 10 exposures, an ad- 
ditional ~ 1" nod was applied to minimize the effects 
of bad pixels and another ten exposures were taken fol- 
lowing the same dither pattern. For each exposure, we 
ensured that the SN, the galaxy, and the nearby star (4" 
from the SN) remained within the 10" x 10" field of view 
of the camera. Exposure times were long enough to allow 
alignment on the star for post-process image combining. 

Immediately following the SN observations, a United 
Kingdom Infrare d Telescope (UKIRT) p hotometric stan- 
dard star, FS6 (|Hawarden et al.ll2001l ), was imaged at 
similar airmass (aimass of ~ 1.2 for both standard and 
SN observations), setting the flux zeropoint for the ob- 
servations. 

Images were flatficlded with a twilight flat, then sky- 
subtracted using a scaled clipped mean sky image, ob- 
tained from the actual data frames. Objects were masked 
out when creating the flat and sky images. Finally, all 
frames from a given night were coadded by aligning on 
stars in the field, using a centroiding method to obtain 
image offsets. Photometric zero points were obtained 
from observations of UKIRT standard star FS6 on each 
night. The October run was not photometric. Fortu- 
nately, the PSF star (4" from the SN) was found to be 
non-time varying in the HST data and so we tie the pho- 
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tometric zero point for the October night to the other 3 
nights using the PSF star. The September and October 
AO images are shown in Figure [2] Note: the full images 
are 10" x 10" and only the region of interest is shown. 

3. PHOTOMETRY 

Because of a spatially and time-varying point-spread- 
function (PSF), one of the great challenges for AO sci- 
ence is to develop methods for precision photometry. In 
this section, we demonstrate that photometric precision 
of 0.14 mag at H ~ 24 is possible in an hour long Keck 
AO exposure. In this case, the proximity (4" separation) 
of an H = 17.9 magnitude star makes it possible to con- 
strain the PSF of the SN and to determine an accurate 
aperture correction. We measure the photometric un- 
certainty by embedding model SNe into the galaxy halo. 
These model SNe were constructed from scaled versions 
of the nearby PSF star. We also demonstrate that aniso- 
plantism on these small spatial scales was negligible dur- 
ing the October observing run. 

This section is subdivided into four subsections. First 
we describe the galaxy subtraction and photometry of the 
PSF star. Then we detail the aperture corrections from 
the PSF star and photometric uncertainties based on 
model SNe. Next we discuss the issue of anisoplanetism, 
and finally we describe the photometry of SCP05D6. 

3.1. Galaxy Subtraction and Photometry of the PSF 

star 

In order to accurately measure the magnitude of the 
SN, we must carefully account for the light of the host 
galaxy. The fine pixel scale in the AO data (0.01") pro- 
vides excellent separation of the SN from the core of the 
galaxy (~ 40 pixels, significantly better than HST NIC- 
MO S ~ 6 pi xels). Using the G ALFIT 2-d galaxy model- 
ing routine (|Peng et al.ll2002[ ) we search for the best-fit 
galaxy Sersic model while simultaneously fitting the SN 
and PSF star. The mean galaxy light profile, from all 
four epochs, is best fit by a Sersic index of n — 3.5, con- 
sistent with an elliptical galaxy. The H-band magnitude 
of the galaxy was found to be 19.22. Using GALFIT, the 
PSF convolved model galaxy is subtracted from the in- 
put image, leaving the SN and PSF star behind. Figure 
[3] shows the original science image, the galaxy model and 
the difference between the two. 

With the galaxy subtracted from the image, we mea- 
sure the total magnitude of the nearby PSF star. We 
use a curve of growth technique and measure the total 
magnitude at a radius of 1.8". We find that the star has 
total iJ-band magnitude of 17.90 ± 0.03. 

3.2. Aperture Corrections and Photometric 
Uncertainties 

At peak luminosity, the SN is roughly l/100th the lu- 
minosity of the galaxy in the observed -ff-band. However, 
because it is a point source, it has high contrast against 
the host galaxy, 0.25 magnitudes higher surface bright- 
ness in an 0.1" radius aperture, 0.4" from the galaxy 
core. Therefore, it should be measurable with small aper- 
ture photometry on the diffraction-limited core, coupled 
with an accurate aperture correction from the nearby 
PSF star. The accuracy and precision of this process will 
depend on several variables including, 1) the SN luminos- 
ity, 2) spatial variability in the galaxy luminosity profile 



(i.e. presence of dust or star forming regions within the 
galaxy), 3) exposure time, 4) the aperture size, and 5) 
spatial variation in the PSF. 

In order to address these issues, model SNe were 
imbedded into the galaxy halo. Model SNe were gen- 
erated by scaling the PSF star to a range of H = 22 — 26 
mags, in increments of 0.25 mags. Model SNe were 
placed in the galaxy at the same isophotal radius as 
SCP05D6, at twenty-one different position angles (PA) 
relative to the host galaxy. Figure 2] shows three of these 
models imbedded in the October image. We chose to do 
the modeling on the October image, because it was near 
the peak of the SN luminosity. 

After adding a model SN to an image, we subtracted 
the galaxy following the method outlined in Section [3~T1 
We then performed aperture photometry on the model 
SNe and generated aperture corrections from the nearby 
star. Sky estimates were made from additional apertures 
placed at different PAs around the galaxy at the same 
isophotal radius as the SN and model. Figure [5] shows 
how the accuracy of the aperture corrected photometry 
(top) and photometric uncertainty (middle) depend on 
aperture size for three sample models. Photometric un- 
certainty was calculated from the Poisson statistics of 
the measured flux of the SN, host galaxy, and sky within 
the aperture. The readout noise (9.5 e _ ) was added in 
quadrature. The Poisson sky contribution was estimated 
from the standard deviation of pixels in the sky aper- 
tures. The aperture correction used for each aperture 
size is given in the bottom panel of figure [5] 

For small (r < 0.05") and large (r > 0.15") radii the 
aperture photometry is not accurate. It is difficult to 
get an accurate aperture correction for small apertures. 
Large apertures suffer from imperfections in galaxy sub- 
traction. For brighter models, H < 24.25, the most ac- 
curate photometry comes from apertures with radii be- 
tween 0.09" and 0.11", roughly twice the size of the full- 
width-half-maximum (FWHM) for the AO PSF. Analy- 
sis of the full set of fainter models, H > 24.25, indicates 
that smaller apertures are more accurate for these stars 
because they contain less sky. For faint systems we use 
a 0.06" aperture. 

Figure [6] summarizes the photometry of the 360 model 
SNe. For each input magnitude, we plot the mean dif- 
ference between input and measured magnitude of the 
models. For H < 24.25, output magnitudes are mea- 
sured from 0.1" (10 pixel) radius apertures. For fainter 
systems, we use 0.06" apertures. The error-bars are the 
standard deviation of the difference between model input 
and output magnitudes. The photometry is measured 
to within 14% for H ~ 24 (Vega) in an hour long sci- 
ence exposure. These variations are on the order of the 
formal photometric uncertainties indicating that system- 
atic variations in the galaxy light or sky background are 
small. At H = 24 there is an offset between our input 
model and measured photometry of ~ 0.04 mags. As 
this is less than half the photometric uncertainty, we do 
not perform any additional correction to the final mag- 
nitudes. 

3.3. Anisoplanatism 

When making the model SNe, we neglected to account 
for anisoplanatism. It was assumed that the PSF did not 
change over the 4" separation between the SN and the 
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nearby star. In order to test if this is a valid assumption, 
we employed a simple anisoplanatic AO PSF model to 
investigate its effect on the aperture corrections. Arti- 
ficial PSFs were generated with an LG S AO simulator 
progr am written by E. Steinbring (see ISteinbring et all 
2005). The model is based on a single turbulent layer at 
a fixed atmospheric height. The inputs to this program 
include the relative position of the laser spot and the 
tip-tilt guide star, the uncorrected U-band seeing, the 
central wavelength of the observation, the mean height 
of the turbulence, the size of the telescope, the number 
of AO actuators and the system frame rate. The output 
is an artificial star field with a spatially varying PSF. 

The program input parameters closely match the con- 
ditions during observations at Keck. The program out- 
put is the image of an artificial star field with stars sep- 
arated in a grid by 4". The aperture correction analysis 
outlined in Section 13.21 was applied to the artificial star 
field. The anisoplanatism is primarily set by the mean 
height of turbulence and tq (or seeing). If turbulence is 
restricted to below 6 km, the typical difference in aper- 
ture corrections for stars separated by 4" is 0.03 magni- 
tudes using apertures with radii as small as 0.1". This 
variation is significantly smaller than the expected photo- 
metric uncertainty for our faint SN image. However if the 
seeing is poor and the mean height of the turbulence is 6 
km or higher, the variations in aperture correction over 
a 4" separation can reach 0.15 magnitudes and greater. 

Fortunately, we have two types of observations that 
characterize the atmospheric conditions during our run. 
First, observations of a star field obtained with the 
NIRC2 wide camera in the K' filter an hour after com- 
pleting our SN observations. The star field was observed 
as part of a separate extra-galactic AO program, and 
was not specifically designed for the SN program. De- 
spite this, we can use it to learn something about the 
atmospheric conditions on the night of Oct 13. Aperture 
corrections, calculated in the same manner as Section 
13.21 from stars separated by up to 10", are constant to 
within 0.05 magnitudes. This indicates good seeing and 
a mean turbulence height likely below 6 km. In which 
case, the aperture corrections for our SN photometry are 
reasonable. 

The second set of data comes from the Thirty Meter 
Telescope (TMT) site testing team. M. Schoeck et al. 
were using a Mu lti- Aperture Scintillation Sensor (MASS 
iTokovininl [1998D to measure the turbulence profile on 
Mauna Kea during three of our observing runs. They 
provided us with a measure of the high altitude seeing 
(excluding the ground layer) for the times of our SN ob- 
servations. Mean seeing from MASS is recorded in Table 
1. For the October run, the MASS results indicate that 
that the seeing was very good, and was stable throughout 
the SN and star field observations, varying between 0.3 
and 0.7 arcsec. Because the high altitude turbulence was 
light we again expect anisoplantism was small on small 
spatial scales. 

3.4. SN Photometry 

Figure [7] shows aperture photometry of Maggie from 
the October run, after aperture corrections have been ap- 
plied. As with the model SNe, the photometry of Maggie 
levels off with aperture radii of 9-11 pixels, meaning that 
at these radii the aperture corrections are producing con- 



sistent results. Taking the magnitude from the r = 0.1" 
(10 pixels) aperture, Maggie has an H-band magnitude 
of 23.9 ± 0.14, where the uncertainty is estimated from 
the model simulations described in Section 13.21 

The measurements from each observing run can be 
found in Table [T] The observed i7-band light curve drops 
by about half a magnitude in the September and Novem- 
ber observations from the peak luminosity in October, 
resulting in photometric uncertainties in excess of 0.2 
magnitudes. Analysis of the model SNe indicates that 
smaller apertures improve the accuracy for faint SNe. 
Using apertures with a radius of 0.06" we estimate the 
photometry of the September and November 25th ob- 
serving runs, H = 24.4 ± 0.22, and H = 24.8 ± 0.28 
respectively. Note, the November 12th run was the low- 
est signal-to-noise observation and we were unable to get 
an estimate of the SN luminosity. 

4. RESULTS 

Figure [8] shows the -ff-band (rest frame R) light curve 
for Maggie obtained with Keck AO imaging. An exam- 
ple SN template based on the light-curve of SN 1995D 
[z = 0.0066) is scaled and over-plotted. The template 
light curve was K-correcte d to the correspond ing red- 
shift and broad band filter (|Nugent et al.l 120021 ). Based 
on the HST ACS F850LP and NICMOS F110W photom- 
etry a rough estimate was made for reddening, time of 
maximal light peak luminosity and stretch (stretch rep- 
resents a linear transformation of the time axis: t' — t-s). 
Because of the large uncertainties on the two fainter H- 
band data points, we do not provide a formal fit to the 
AO observations. Preliminary results indicate that the 
-f/-band photometry near max matches, to within the un- 
certainties, the expectations from the HST J-band ob- 
servations. This suggests that the host galaxy does not 
contain large amounts of dust, which is again consistent 
with the elliptical morphology. Light curves from HST 
and the Hubble diagram for Maggie will be published 
in a forthcoming paper from the Supernova Cosmology 
Project. 

5. DISCUSSION AND CONCLUSSIONS 

Using Keck LGS AO, we obtained follow-up observa- 
tions of a high-z SN discovered in an HST search for SNe 
in massive galaxy clusters. During a one-hour observa- 
tion, we obtained 14% photometry of H ~ 24 supernova 
near peak luminosity embedded in a distant early-type 
galaxy. When combined with the HST observations, 
the AO data will help constrain the dust content of the 
galaxy and SN, important for improving the accuracy of 
the measured light curves. 

In this example we were able to well characterize the 
AO PSF. In addition the host galaxy was a relatively 
dust free elliptical. Therefore our uncertainties were pri- 
marily set by the photometric error, i.e. the faintness of 
the source, the high IR background, and the sensitivity 
of our detector. As a result, we could have improved our 
photometry simply by increasing our exposure time. A 
four hour exposure would have increased the signal-to- 
noise ratio by a factor of 2, giving a photometric uncer- 
tainty of ~ 0.07 mags for the at peak observation. At 
this level, the photometric uncertainty is on the order 
of the aperture correction uncertainties set by the time 
varying PSF, which in our case were small, < 0.05 mags. 
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Similar increases in signal-to-noise ratio will be possi- 
ble with the next generation of large telescopes (~ 30m 
diameter). However, in order to reach the level of pre- 
cision now possible from space, l%-3% photometry, we 
will need to improve on our AO PSF characterization 
methods. 

We want to stress that adaptive optics was necessary 
to make this observation from the ground. For instance 
to reach a S /N ratio of 7 with ISAAC (the seeing limited 
IR imager on the VLT) for an object with H = 24 one 
needs 20 hours, and that is without a host. The presence 
of a bright host means that a reference image of the host 
without the SN is mandatory. If this image is as deep as 
the one with the SN, then total integration time doubles 
to 40 hours and the S/N ratio of the SN in the host 
galaxy subtracted image drops to 5. 

Accurate photometry with AO requires knowledge of 
the real-time PSF. In the case of this particular SN, a 
nearby faint star was ideal for tracking PSF variations 
and computing accurate aperture corrections. This SN 
was specifically chosen for AO follow-up because of this 
arrangement. We caution that most observations will 
not have a nearby PSF star. Only 2% of high galactic 
latitude targets will be 4" from a similarly bright star. It 
is therefore important to develop additional techniques 
for tracking the real-time, spatially-varying PSF. Groups 
such as the Center for Adaptive Optics Treasury Sur- 
vey (CATS iMelbourne et alj|2005h are developin g these 
techniques now. For example. Isteinbring etafl (2005) 
explore a method using observations of a star cluster 
to constrain the spatial variation of the PSF. Britton 
et al. (2006) show how this can be done with auxiliary 
data from a Differential Image Motion Monitor (DIMM). 
These methods are promising and could pave the way for 
precision AO photometry of distant SNe. 

AO follow-up of SNe is also limited by the availability 
of tip-tilt guide stars. For good performance with the 
current Keck AO system, tip-tilt stars must be brighter 
than R = 18. This constraint excludes follow-up of 
roughly 80% of high galactic latitude SNe. So, while AO 
improves on the resolution capabilities of HST NICMOS, 
NICMOS remains necessary for the rest-frame optical 
follow-up of most high-z SNe. This may change with the 
next generation Keck AO system which is being designed 
with near-infrared tip-tilt wavefront sensors. In this new 
system, tip-tilt stars will be AO corrected, resulting in 
high contrast above the background. Therefore the new 
system will be able to function with fainter tip-tilt stars, 
opening more night sky to AO observations. 

An additional constraint on current AO systems is the 
small field of view of the cameras. The sky area cor- 
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rected in a single exposure is smaller than one square 
arc-minute. The small field of view makes AO searches 
for distant SN impractical. Future systems with multi- 
ple correcting elements, such as multi-conjugate adap- 
tive optics (MCAO), may be able to increase the cor- 
rected area of a single exposure to roughly 4 square arc- 
minutes. With a larger detecting area, and a search fo- 
cused on high-redshift galaxy clusters, future AO systems 
may prove useful in the discovery and follow-up of distant 
SNe. 
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Fig. 1.— A finder chart for SN SCP05D6, nicknamed Maggie. This is an HST ACS F850LP image obtained during the search for SNe 
in massive galaxy clusters. The SN was well positioned for laser-guide-star AO follow-up. It was 25" from a 14th magnitude tip-tilt star 
and 4" from a 19th magnitude PSF star, ideal for tracking the time varying AO PSF and measuring aperture corrections. North is to the 
left. East is down. 
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Fig. 2. — Keck LGS AO images of Maggie. The left image shows the SN near peak. The middle is smoothed with a gaussian kernel 
of 0.06" to enhance the contrast. The right shows the SN two weeks before peak (also smoothed). The right image has half the exposure 
time of the left image (30 min vs. 1 hour). North is up. East is to the left. Note: the full AO images are 10" X 10", significantly larger 
than what is shown here. 
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Fig. 3.— Galfit flPene et al.l 2002) was used to fit for the galaxy light profile. The model (middle image) is convolved with the input 
PSF. The model galaxy is then subtracted from the input image (left image) to produce a residual image (right). In this example, the 
galaxy has been removed, but the SN and PSF star remain. 
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Fig. 4. — Three model SNe with input magnitudes of H = 22, 23, and 24 are shown. They are placed at the same isophotal radius as 
the actual SN, but at a different PA. The H = 24 model is a close match to the luminosity of the actual SN in the October observation. 
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Fig. 5. — Aperture corrected photometry of three sample model SNe. The top panel gives the difference between measured and input 
magnitude as a function of aperture radius. The middle panel shows the photometric uncertainty as a function of aperture radius. The 
bottom panel shows the aperture correction as measured from the nearby PSF star. For SN models with H < 24.25, the most accurate 
photometry is from apertures with r ~ 10 pixels (0.1"). This is roughly twice the FWHM of the AO PSF. For fainter sources, analysis of 
the full set of models indicates that the most accurate photometry is from smaller radius apertures, r ~ 6 pixels (0.06"), or roughly the 
FWHM of the PSF. 
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Fig. 6. — The mean difference between measured magnitude and input magnitude for SNe models, plotted against input magnitude. For 
SN models with H < 24.25, the photometry is from apertures with r = 10 pixels (0.1"). For fainter sources, the photometry is from smaller 
radius apertures, r = 6 pixels (0.06"). Twenty-one models were produced for each input magnitude. The error-bars are the standard 
deviation of the photometry of those 21 models. The photometry is accurate to within 14% for H = 24. An arrow indicates the location 
of the measured at peak £f-band photometry of Maggie. 



10 




5 10 15 20 25 

aperture radius (pix) 




5 10 15 20 25 

aperture radius (pix) 



Fig. 7. — //-band photometry for Maggie on the UT date, October, 13 2005. The measured magnitude reaches a plateau for apertures 
with r ~ 10 pixels, as was expected from the model SN. These radii also correspond to the minimum in the photometric uncertainty. As 
with the model SNe, we used the 10 pixel radius aperture for our final photometry giving a total magnitude of H = 23.9 ± 0.14, where the 
error-bars come from the model simulations described in the previous section. 




20 40 60 80 

Observer Days 



100 



Fig. 8. — The supernova lightcurve of Maggie, in the observed //-band. An example lightcurve based on SN 1995D (z = 0.0066) is 
also shown. T he light curve was K -corrected to the corresponding redshift and broad band filters using a time series of averaged Type 
la SN spectra ((Nugent ct al. 200^). From the HST observations, rough estimates were made for reddening, time of maximal light, peak 
luminosity and stretch. 
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TABLE 1 

The Keck AO Observing Summary for SN SCP05D6. 



UT Date 


Exp. Time 


Sky 


Mean Seeing a 


PSF FWHM b 


Photometry 


SN /f-band magnitude 




(s) 


Conditions 


["] 


(") 


Aperture Size ["] 


(Vega) 


Sept. 29, 2005 


1800 


photometric 




0.052 


0.06 


24.4 ± 0.22 


Oct. 13, 2005 


3600 


some cirrus 


0.40 


0.053 


0.10 


23.9 ± 0.14 


Nov. 12, 2005 


1740 


photometric 


0.45 


0.053 






Nov. 25, 2005 


3300 


photometric 


0.35 


0.064 


0.06 


24.8 ± 0.28 



a Measured from MASS by Matthias Schoeck and the TMT site testing team. Note: MASS does not measure 
ground layer turbulence, so this represents the high altitude seeing. b Measured from a Gaussian fit. 



